Introduction
Supramolecules with interlocked structures have attracted great interests experimentally and theoretically [1] . One of the typical examples can be provided by cyclodextrin (CD)-containing mainchain type polyrotaxane, in which many cyclic molecules are threaded on a single polymer chain and are trapped by capping the chain end with bulky groups. Networked polymer of polyrotaxane obtained by cross-linking of wheel components on the main-chain type polyrotaxane has unique characteristics based on the interlocked structures of the cross-link points, such as highly swelling nature for several solvents, high elasticity, and high stress-releasing ability [2] . Graft polyrotaxane, a new type of polymer characterized by the movable (translative and cicumrotative) graft chains, is an intriguing class of polyrotaxanes, which can be provided by a grafting protocol to wheel components of the main chain-type polyrotaxane ( Figure 1 ). Although several studies of graftpolyrotaxane directed toward drug delivery systems using a biodegradable property [3] or high stress releasing materials exploiting the sliding property of wheel components [4] have been extensively studied, the dynamic characteristic of graftpolyrotaxane has never been studied owing to the high structural Recognizing these issues, we planned the synthesis of structure-well-defined graftpolyrotaxane by exploiting monoOH-α-CD as a crucial component of main chain-type polyrotaxane. Herein, we wish to report the synthesis, characterization, and dynamic property of graftpolyrotaxane.
2. Experimental Section 2.1. Materials and Methods. MonoOH-α-CD 5 and polytetrahydrofuran bisamine terminated (PTHFBA, M n = 9400, M w /M n = 1.1) were prepared according to the literature [6, 7] . Dichloromethane was distilled from CaH 2 and stored over MS 4A. Commercially available dehydrated solvents, tetrahydrofuran (THF), and dimethylformamide (DMF) were used without further purification. All other reagents from commercial sources were used as obtained.
1 H (270, 300 and 400 MHz) and 13 C (75 and 100 MHz) NMR spectra were recorded on JEOL JMN 270, BRUKER-SPECTROSPIN 300, and JEOL AL-400 spectrometers using CDCl 3 as the solvent and tetramethylsilane as the internal standard. Molecular weight and its distribution were measured by a gel permeation chromatography (GPC) on a JASCO Gulliver system equipped with two consecutive linear polystyrene gel columns (TOSOH TSKgel G2000HXL and GMHXL) at 30 °C, eluted with CHCl 3 at a flow rate of 0.85 mL/min, and calibrated using polystyrene standards. IR spectra were recorded on a JASCO FT/IR-230 spectrometer. Thermogravimetry (TG) was performed on a Shimadzu TGA-50 instrument at a heating rate of 10 °C/min under N 2 atmosphere (flow rate of 50 mL/min) to determine decomposition temperature T d5 at which 5% weight loss was observed. Differential scanning calorimetry (DSC) was carried out using Shimadzu DSC-60 instrument at a heating rate of 10 °C/min under N 2 atmosphere (flow rate of 50 mL/min) to determine glass transition temperature T g . Preparation of 1) : To a solution of MonoOH-α-CD 5 (1.9 g, 1.6 mmol) in THF (10 mL) was added Ac 2 O (605 µL, 6.4 mmol) and pyridine (516 µL, 6.4 mmol) at room temperature. The mixture was stirred for 12 h at the same temperature. The reaction was stopped by the addition of sat. aq. CuSO 4 (200 mL) and the layers were separated. The products were extracted with CHCl 3 (100 mL x 2). The combined organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo to give MonoOAc-α-CD (1, 1.7 g) 3.86-3.03 (m, C(2-6)H and MeO of CD moieties, and PTHF), 2.18 (s, AcO), 1.61 (m, PTHF) .
A mixture of the crude pseudopolyrotaxane (2, 600 mg, 0.019 mmol), tritylphenyl isocyanate (205 mg, 0.57 mmol) [8] , and dibutyltindilaulate (DBTDL, 1.1 mL, 1.9 mmol) was well ground in an agate mortar at room temperature. After 30 min grinding, the resulting mixture was dissolved in CHCl 3 and (1)H of CD moieties), 3.98-3.01 (m, C(2-6)H and MeO of CD moieties, and PTHF), 2.18 (s, AcO), 1.61 (brd, PTHF) .
Synthesis of Reactive Polyrotaxane Consisting of MonoOH-α-CD (4):
To a solution of the resulting polyrotaxane (3, 90 mg, 6.9 mmol) in CHCl 3 (2.0 mL) was added a solution of saturated K 2 CO 3 in MeOH (2.0 mL) at room temperature. The mixture was warmed to 50 °C, stirred overnight, and concentrated in vacuo. The crude materials dissolved in CHCl 3 was filtrated through Celite ® pad. The filtrate was concentrated in vacuo to give the reactive polyrotaxane with monoOH-α-CD (4, 88 mg) in a quantitative yield: 1 (7) by One-pot Synthesis: MonoOH-α-CD (5, 1.2 g, 1.0 mmol) and PTHFBA (140 mg, 2.0 mmol) were suspended in water and sonicated for 30 min at room temperature. To the reacting mixture containing colorless precipitate was directly added 3,5-dimethylphenyl isocyanate (110 µl, 0.75 mmol), and the mixture was stirred for 1 h at room temperature. Colorless precipitate was separated by centrifugation and dried under vacuum. Crude product was purified by a gel permeation chromatography (GPC) and precipitation with Et 2 O to yield pure polyrotaxane (7, 108 mg, M n = 28000, M w /M n = 1.3). Coverage ratio of polyrotaxane was approximately 44% estimated by comparison of the integration of C (1) (OPEG, 3.5 g, 3. 0 mmol) and tetramethylpiperidine N-oxide (TEMPO, 0.59 g, 3.8 mmol) in H 2 O (20 mL) was added dropwise 5 w% aq. NaOCl (60 mL, 37 mmol) at 0 °C. The reaction mixture was warmed to room temperature and stirred for 15 min. The mixture was diluted with CH 2 Cl 2 and quenched by the addition of EtOH. The product was extracted with CH 2 Cl 2 (x 3), and the combined organic extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. The crude materials were purified by repeated precipitation from hexane to give 8 (2.50 g, 72%, M n 1200): 1 (10) utilizing OPEGCOOH (8) : To a solution of polyrotaxane (7, 30 mg, 20 µmol on the basis of CD unit), 8 (220 mg, 200 µmol) and N,N-dimethylaminopyridine (DMAP, 25 mg, 200 µmol) in CH 2 Cl 2 (1.0 mL) was added N- (3-dimethylaminopropyl) -N'-ethylcarbodiimide hydrochloride (EDC·HCl, 380 mg, 2.0 mmol) at room temperature. After stirring for 4 d at the same temperature, the mixture was quenched by the addition of H 2 O. The product was extracted with CH 2 Cl 2 (x 3), and the combined organic extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. The crude materials were purified by a gel permeation chromatography to give the graft polyrotaxane 10 (7.2 mg, 14%, M n 16000):
1 H NMR (400 MHz, CDCl 3 , 298 K) δ 5.38-5.33 (m, 1H, CH=CH), 5.02 (brd, 6H, C(1)H), 4.53 (s, 1H, C(5)H), 4.39 (brd, 1H, C(5)H), 4.12 (brd, 2H, CH 2 COO), 4.11-3.13 (m, 123H, C(2-6)H, O(2,3,6)CH 3 , CH 2 O of PTHF), 2.02-1.99 (m, 4H, CH 2 ), 1.61 (brd, 2H, CH 2 ), 1.41-1.25 (m, 27H, CH 2 ), 0.88 (t, J = 6.6 Hz, 3H, CH 3 ) ppm, 13 C NMR (100 MHz, CDCl 3 , 298 K) δ  169.9, 129.8, 100.4 (C1), 100.0, 99. 8, 82.4, 82.3, 82.1, 81.2 (C2), 71.5, 71.4, 71.2, 70.8, 70.5 (PTHF), 61.8, 59.0, 57.8, 31.8, 29.7, 29.6, 29.5, 29.3, 27.1, 26.4 
Longitudinal relaxation time measurements:
13 C NMR measurements of 7 and 10 were performed to determine the longitudinal relaxation time (T 1 ) by using resonance frequencies for 13 C at w r = 75 MHz and 100 MHz at 298 K via a conventional inversion recovery pulse sequence, 90°-τ-180°, under the deuterium lock mode. The rotational correlation time (τ c ) for each 13 C nucleus in the polyrotaxanes was determined with the obtained T 1 values at different resonance frequencies according to eq. 1:
where N, µ 0 , γ H , γ C , h, and r CH are the number of 1 Hs directly bound to 13 C, permeability of free space (4π x 10 -7 H·m -1 ), gyromagnetic ratio of 1 H (2.675 x 10 8 rad·T -1 ·s -1 ), gyromagnetic ratio of 13 C (0.688 x 10 8 rad·T -1 ·s -1 ), Planck's constant (6.626 x 10 -34 J·s), and distance between 1 H and 13 C, respectively, 0.1091 nm for methylene protons of a PTHF and 0.1092 nm for C1-H and C2-H of the α-CDs. These distances were calculated by Jaguar 6.5 (Schrödinger, DFT, 6-31G**, B3LYP).
Results and Discussion

Synthesis of Main
Chain-Type Polyrotaxane. Scheme 1 features the synthetic routes of structure-definite main chain-type polyrotaxanes via two pathways. One approach (top) involves the synthesis of polyrotaxane 4 by end-capping of the pseudopolyrotaxane 2 comprising of monoOAc-α-CD (1) and PTHF with electrophiles in the solid-state [9] . Protection of the wheel hydroxyl group by acetylation to 1 (85% yield) was followed by the complexation with PTHF (M n 2000) to produce pseudopolyrotaxane (2, 100% yield). After considerable experimental works for the end-capping reactions of 2, we turned out that the homogeneous systems in organic solvents such as DMAc were unfruitful, i.e., dethreading of the wheel components occurs at a rate much faster than the end-capping at the axle termini to afford the end-reacted PTHF without any CD moiety. We thereby subjected it to solid-state reaction. A mixture of 2, bulky isocyanate (R-NCO), and DBTDL was well ground in an agate mortar at room temperature. After 30 min grinding, polyrotaxane 3 was isolated in 43% yield as the Et 2 O-and MeOH-insoluble part. The 1 H NMR spectrum of 3 suggests that the two terminal hydroxyl groups were completely converted to urethane groups and that the polymer had 8.2 wheels per axle on average (degree of coverage of the axle: θ 56%). Although the grinding was prolonged to 90 min, neither θ nor yield increased. The alkaline methanolysis of 3 quantitatively yielded the structure-definite reactive polyrotaxane 4 with the hydroxyl-functionalized wheels.
The other synthesis of polyrotaxane (bottom) utilizes one-pot protocol exploiting our recent approach [10] , in which monoOH-α-CD 5 and PTHFBA were used in H 2 O. A mixture of 5 and PTHFBA (M n 9400, M w /M n 1.1) in H 2 O was subjected to the sonication for 30 min at room temperature to give pseudopolyrotaxane 6 as white precipitates, which was followed by the direct addition of 3,5-dimethylphenylisocyanate (5.0 equiv.) and stirring for 1 h at room temperature, yielding polyrotaxane 7 in 16% yield (M n 28000, M w /M n 1.3, estimated by GPC based on polystyrene standards, θ 44%). The structure was confirmed by 1 H NMR spectrum. 3.2. Synthesis of Graft Polyrotaxane. Scheme 2 shows the synthesis of graft polyrotaxane 10. Several classical esterifications of 7 via graft-onto protocol were examined (Table 1) . After many experiments, we found that this goal was achieved by exploiting OPEGCOOH 8 (M n 1300, M w /M n 1.2) with excess amount of EDC·HCl as dehydrating agent in the presence of DMAP to allow the effective introduction of graft chains on the wheel (entry 1). The conversion yield of 10 was determined from the integral ratio of 1 H NMR spectrum. When the grafting reaction was carried out at 40 °C (entry 2), the molecular weight distribution of 10 became broad probably owing to the occurrence of the partial cross-linking reaction at the olefin moieties. On the other hand, treatment of 7 bearing higher coverage ratio (θ 72%) afforded the corresponding graftpolyrotaxane (10) in a low grafting conversion yield due mostly like to the coverage of the reacting points (entry 3). a) The grafting reaction was carried out using 7 (M n 19000, M w /M n 1.4, θ 72%).
Investigation of Rotational Behavior of the Components.
Longitudinal relaxation times (T 1 ) measured by 13 C NMR for 7 and 10 in CDCl 3 at 298 K provided the average time scale for molecular motions of α-CDs. In the observation of the motion of rotaxanes, it is necessary to distinguish the motion of axle polymer and α-CD components. We measured the T 1 for 13 C of the 1 and 2-position in α-CDs and 13 C of methylene moiety of PTHF axle by using 300 and 400 MHz NMR spectrometers. Table 2 shows the relationship between the obtained T 1 data and the resonance frequency for polyrotaxane. Curve fitting was performed on these plots by using eq. 1 to determine the rotational correlation time axle polymer were estimated by Δ(1/τ c ). The τ c of the axle polymer was smaller than those of α-CDs in each polyrotaxane, indicating that the relative circumrotation rates of axle polymer are faster than that of α-CDs. Because the order of Δ(1/τ c ) of α-CDs and/or axle polymer in polyrotaxanes was almost same, it turned out that the wheel components on the graftpolyrotaxane maintained a rotatory capability without a lack of characteristic property of main chain-type polyrotaxane. The results revealed that the movement of the grafting polymer on the wheel components is also independent on the movement of the main chain, strongly suggesting a new type of graft polymer. 4. Summary This paper has disclosed the synthesis, characterization, and dynamic property of graftpolyrotaxane. Grafting reaction based on the graft-onto protocol resulted in the efficient synthesis of graftpolyrotaxane from main chain-type reactive polyrotaxane possessing monofunctional wheels. The present study clearly suggested that the new type of graft polymer, graftpolyrotaxane, would enable the attachment of special characteristics to the graft polymer.
